Iron-containing silicon nanoparticles were synthesized in an attempt to understand the effect of iron on the silicon nanoparticle (SiNP) photoluminescence and singletoxygen generation capacity. A wet chemical oxidation procedure of the sodium silicide precursor, obtained from the thermal treatment in anaerobic conditions of a mixture of sodium, silicon, and an iron (III) organic salt under anaerobic conditions, was employed. Surface-oxidized and propylamine-terminated SiNPs were characterized using high-resolution transmission electron microscopy, X-ray photoelectron spectroscopy, time-resolved and steady-state photoluminescence, and time-correlated fluorescence anisotropy. Based on differences in the morphology, crystal structure, density, and photoluminescence spectrum, two distinct types of SiNPs were identified in a given synthesis batch: iron-free and iron-containing SiNPs. The results show that iron is inhomogeneously incorporated in the SiNPs leading to an efficient photoluminescence quenching. Emission arrives mainly from 2 nm size iron-free SiNPs.
INTRODUCTION
Luminescent silicon nanoparticles (SiNPs) of 1-5 nm size were shown to offer the potential to significantly improve existing methods of cancer diagnosis and treatment as alternative materials for organic dyes and toxic cadmium-based nanoparticles due to their high photoluminescence quantum yields, high photostability in aqueous solution and ambient air, good biocompatibility and tunable surface functionalization for drug generation. Different strategies were reported in the literature for the design of such bimodal imaging agents. Magnetic iron silicide nanowires on crystalline silicon were among the first reported materials with such characteristics. 3 Another approach consisted in the co-encapsulation of luminescent silicon quantum dots and superparamagnetic iron oxide nanoparticles within the hydrophobic core of biocompatible phospholipid − polyethyleneglycol (DSPE-PEG) micelles, which showed an enhanced in vitro cellular uptake in the presence of magnetic fields. 4 Further approaches involved the combination in a single particle of silicon semiconductor materials with iron oxides 5 and the synthesis of iron-doped silicon nanoparticles obtained from iron-doped sodium silicide precursors (xFe:Na 4 Si 4 ). 6 The latter authors reported an extreme loss of photoluminescence with increasing iron dopant concentrations in the initial mixture. 4 Herein, we investigate the effect of iron on the photoluminescence, singlet oxygen generation, and cytotoxicity towards rat glioma C6 cells of iron-containing SiNPs (FeSiNPs) in an attempt to further understand the potential use of these particles as optical sensors and therapeutic agents in biological systems. To that purpose, Fe-SiNPs were synthesized from a modified procedure of the iron-doped sodium silicide precursor reported in the literature. 6 The SiNPs were either surface oxidized or derivatized by silylation to yield Fe-SiNPs with either -SiO -and -NH 2 was obtained using a Millipore system. Nitrogen (4 bands quality) and oxygen gas were both from La Oxígena S.A., Argentina.
Equipment. FTIR spectra were obtained with a Bruker EQUINOX spectrometer.
KBr disks were used as holders. Spectra were taken in the 4000-400 cm -1 range with 1 cm -1 resolution.
The attenuation spectra were recorded with a double-beam Shimadzu UV-1800 spectrophotometer in a 1 cm quartz cuvette at a scan rate of 300 nm/min. Diffuse transmittance spectra were recorded with a double-beam PGI-T90+ UV-vis spectrophotometer equipped with a BaSO 4 integrating sphere in a 0.1 cm quartz cuvette, 5 and compared to attenuation spectra in order to evaluate possible spectral distortions due to scattering.
PL measurements were performed with a Jobin-Yvon Spex Fluorolog FL3-11
spectrometer. The fluorimeter is equipped with a 450 W Xe lamp as the excitation source, a monochromator with 1 nm bandpass gap for selecting the excitation and emission wavelengths, and a red sensitive R928 PM as detector. All spectra were corrected for the wavelength-dependent sensitivity of the detector and the source.
Additionally, the PL spectra were corrected for Raman scattering by using the associated solvent emission spectrum. To estimate the PL emission quantum yield (), the PL emission spectra were collected for various excitation wavelengths. Identical measurements (excitation conditions, lamp energy, and spectrometer band-pass) were performed on 9, 10-diphenylanthracene in cyclohexane, used as reference for PL quantum yield determinations. 7 The temperature was controlled to ± 0. emission intensity at the given emission wavelength, I(λ em ), with both, the absorption coefficient of the fluorophore, ε(λ ex ), and the factor F(λ em ) reflecting the shape of the emission spectrum to retrieve information from the experimental excitation-emission matrix on the minimum number of species and on their relative emission and absorption spectra.
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Silicon Nanoparticles Synthesis. A mixture of Na and Si with a mass ratio of 2.27:1 was crushed and carefully mixed for 20 minutes using a mortar and pestle in a 
RESULTS AND DISCUSSION
Iron-containing and iron-free H-terminated silicon nanoparticles, SiNPs and FeSiNPs, were obtained in the laboratory by a modified procedure reported in the literature involving sodium silicide precursors and their further reaction with NH 4 Br in DMF. 6 Silicon nanoparticles were either surface oxidized to SiO x upon aging in airsaturated aqueous suspensions to yield SiO x -SiNPs and SiO x -Fe-SiNPs, or surface modified to obtain propylamine-terminated particles, PA-SiNPs and PA-Fe-SiNPs.
Silicon Nanoaparticles Characterization: The analysis of the HR-TEM images
of SiO x -SiNPs in Figure 1A results in an average size of 3.75 ± 0.5 (see histogram in Figure 1C ) and a mean spacing between the lattice fringes of 2.9 ± 0.1 Å. The latter spacing is in agreement with that reported for the (111) planes of SiNPs. 5 On the other hand, SiO x -Fe-SiNPs micrographs ( Figure 1B) show two distinct kind of crystals which could be easily discriminated by their contrast, average size and lattice spacing. The low-contrast, 3.75 ± 0.5 nm size SiNPs with a lattice spacing of 2.9 Å resemble SiO xSiNPs (light blue box in Figure 1B ). On the other hand, the well dispersed, high density, 4.75 ± 0.5 nm average size SiNPs with a lattice spacing of 2.1 ± 0.1 Å (pink box in 10 Figure 1B ) were assigned to Fe-containing SiNPs. Lattice fringe spacing of 1.9 Å were reported for the (220) silicon plane in Fe-doped SiNPs. 6 However, the lattice spacing of 2.1-2.0 Å is also consistent with the (400) spacing in cubo-octahedral morphologies of botanical magnetites. 10, 11 The larger mean diameters observed for the Fe-containing particles are in line with literature reports associating increasing average sizes for SiNPs with rising Fe content. 5 In consequence, TEM images strongly support that synthesis batches of SiO x -Fe-SiNPs, are actually an intimate mixture of iron-free and ironcontaining particles. This behavior might be a consequence of the favored crystallization of Fe-SiNPs by iron, in line with theoretical studies on Si n Fe clusters with n  24. 12 These studies predict that the silicon cluster stability is increased due to Fe content, though stability gradually decreases with increasing number of Fe atoms. [12] [13] [14] Moreover, the center site was found to be the most energetically preferred substitution site.
Si 2p and 2s XPS peaks (see Figure 2) show the contributions of Si o (99.0 and 150.9 eV, respectively) and Si 2+ (101.6 and 153.1 eV, respectively) environments.
Silicon oxidation is further supported by the O 1s peak contribution at 532.2 eV (94% of total O) assigned to Si(O-) x environments. 15 The Fe 2p3/2 and Fe 2p1/2 main line peak positions at 710.6 and 724.0 eV (see Figure 2 ) and the signals separation, E (BE 2p3/2 − BE 2p1/2), of about 13.5 eV agrees well with literature values for iron oxides, [15] [16] [17] as also supported by the O 1s band at 529.8 eV characteristic of Fe-oxides. 18 Deconvolution of the Fe 2p region (see Figure 2 ) was best optimized considering the contribution of three principal peaks, one shake up satellite, and one set of nonmonochromatic front satellite to 8.4 eV at low BE from each peak. The fitting considers Agarose gel electrophoresis of (from left to right) SiO x -Fe-SiNPs, PA-Fe-SiNPs, and a negatively charged reference.
The gel electrophoresis experiments using 1% agarose gels in TAE buffer of pH 8 (see Figure 3 The mean energy gap (EG) of charge carriers was evaluated for each individual contributing species using the PL excitation spectrum threshold. 22 The EG and the Stokes shift (SS) of the different contributing emitters are depicted in Table 1 . It should be noted that when more than two contributing species are present as in the case of the PL-EEM of SiO x -Fe-SiNPs, the bilinear analysis yields autoconsistent solutions of the problem. Thus, it results extremely difficult to obtain with precision the real excitation and emission spectra of the individual contributing species without additional external information. 27 Consequently, the EG of species a"", e, and f were not evaluated. 
.55 (± 0.1) 0.5 (± 0.14) and decay times () of the contributing species to the overall emission of the particles suspensions obtained at 298 K. D stands for the average diameter of the particles as predicted from theoretical correlations according to the work of Delley et al. 28 ND stands for "not determined".
The PL excitation-emission spectra (including EG,  em max , and SS) of emitting species a', a", a"', and a"", are comparable within the experimental error and may therefore be assigned to the same contributing species, hereafter denoted as a. The EG values are coincident with the PL maximum and thus, confirm that the PL excitation and emission spectra of species a originate from the same optical transitions.
The luminescent species c, d, and e show comparable excitation spectrum and EG values (except for the unknown EG of e), yet their PL emission spectrum, and consequently their SS, are not coincident (see Table 1 ). These observations suggest a unique excitation transition leading to exciton formation and its further relaxation to different lower-lying emitting states originated from different defects introduced by N, O, and Fe. On the other hand, the excitation and emission spectra of species b and f are, within the experimental error, coincident. Therefore, b and f are assigned to the same emitting species contributing solely to the PL-EEM of surface oxidized particles. From the previous discussion, it appears that Fe affects SiNPs PL-EEM through the introduction of low-lying emitting states and by PL quenching.
The values of the average SiNP sizes determined from the measured EG values upon assuming the effective mass model do not coincide with those estimated from TEM micrographs (see Table 1 ). 28 exhibit more intense PL than larger ones. 29 The latter result is further supported by calculated mean sizes from theoretical correlations. 28 The PL decay times, , of species a were obtained from tri-exponential decay fittings of the PL traces detected at 450 nm upon 388 nm excitation (see in Table 1 These observations agree satisfactorily with reported cytotoxicity studies of SiNPs with surface attached amino groups. 33 Since in aqueous media of pH 7-8 both, PA-FeSiNPs and SiO x -Fe-SiNPs are positively charged, it is suggested that the nature of the charge, -NH 3 + vs Fe-OH 2 + is a contributing factor to the differential cell toxicity. 
